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SECT ION 1

INTRODUCT ION

The objectives of this program were to develop diode
and beam transport capabilities (using the DNA OWL II generator),

which can achieve 1500 cal/gm over areas of ~~l0 cm
2 with

mean electron voltages of 1 MV. These objectives were

achieve i and in fact were exceeded both in dose (up to 3000

to 4000 cal/gm) and in area (greater than 25-cm 2). In
develop ing this capability , several diagnostics were to be

investigated to determine their potential for characterizing

diode and beam parameters in this intense environment . A
range of diagnostics was successfully developed and tested

t 

and have been used in subsequent follow—on programs .

Several earlier experiments to generate intense beams

were attempted with small—area diodes (cathode areas 40 to

7 100 cm2) in appl ied magnetic fields; these experiments were

characterized by erratic diode behavior and insulator breakdown.
-‘I The major limitations on diode behavior were prepulse effects

and impedance lifetime due to electrode plasma closure

velocities. In this program these limitations were investigated .

In the past, the relationship between closure velocity and

beam parameters (V, J , T , etc.) was not well understood .

The results of this program were used to verify analyses of

OWL II diodes that correlated impedance collapse with anode

plasma formation and beam energy density. From this analysis

an 80 cm 2 cathode was selected with magnetic beam compression

utilized to achieve the required fluence and dose. Diode

5
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energies were increased from 25 to 35 kJ (previous programs)

to 50 to 75 kJ with mean voltages of up to 1 MV. The fluence

at the diode (150 to 200 cal/cm2) was then compressed by a factor

of three with greater than 80 percent transport efficiency to

the sample region. Prepulse effects were studied using surface

flashover switches in the cathode with improvements obtained

in both reliability and beam uniformity. Insulator breakdown

problems were relieved by reducing inductance in the vacuum

feed region of the load . However, some improvements still need

to be addressed in late time insulator flashes, which reduce

diode energy .

Magnetic beam compression is a key element of relativistic

electron beams for material response applications. This program

has yielded experimental support to theories generated at P1 on

magnetic compression of intense beams. Magnetic compression not

only provides the required high dose levels but by subsequent

beam expansion the results of this program have shown that lower

mean angle beams than could be obtained without compression can

be generated at larger areas for intermediate to low dose levels.

Initial studies of electron angle for intense beams including

both analysis and experimental measurements were an important

part of the present program .

The diagnostics included in this program were a single

channel Faraday cup and total fluence calorimeter for charge and

energy transport efficiency and , more importantly , a filtered

Faraday cup for obtaining electron beam angle at high doses

through measurements of the charge deposition profile. Other

diagnostics included were an X—ray pinhole camera and segmented

calorimeter for beam fluence and uniformity and foil calorimeter

for beam angle at low dose locations.

6 ~~~~~~~~~~~~~~~~~~ 
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In summary this program has verified magnetic beam compres—
sion at very high dose levels, added to our capability and under-
standing of compression of intense beams, increased our understand—
ing of the physics of diode impedance lifetime , and demonstrated
severa l d iagnos tics essential for charac ter izing relativistic
electron beams for material response applications.

Section 2 presents an analysis of the physics involved in
magnetic compression of intense beams with an emphasis on the

associated electron angular distributions . The experimental
apparatus is described in Section 3. This is followed by experi-
mental results on diode impedance and transport efficiencies in
Section 4. Section 5 presents measurements of beam uniformity

and initial determinations of electron angles.
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SECT ION 2

ANALY S IS OF BEAM GENERATI ON AND MAGNET IC COMPRESSION

2 . 1 MAC~~ETt C COMPRESSION OF INTENSE BEAMS

In the last two years there have been several advancements in

the understanding of magne tic compression of intense beams .

Earlier experiments on compression at P1 and as reported in the

literature (e.g. References 1—6), showed that the beam area predict—

ably decreases in proportion to the ratio of magnetic field

strength. Measured beam transmissions through converging magnetic

fields , however , were in conflic t with our understanding of beam
properties in the diode . A theoretical analysis for magnetic

compression of intense beams has been published by T. S. Young and

P. Spence (Reference 7). Their theory agrees with the experimental

results existing at the time of publication , but much of that  da ta
was taken at low beam energies and consequently did not comple tely
test the theory . The results of the program reported here provide

substan tial support to that theory for intense beams.

To magnet ically compress intense electron beams , an ax ial B
~

field is applied wi th field strength increasing and then decreas—

ing in the direc tion of beam propagation . The principles involved

in the magnetic compression of intense electron beams are schemat—

ically illustrated in Figure 2.1. First we consider the region

between the diode and position of the maximum magnetic field. In

the diode one has both the appl ied magnetic field (B
a
) and the

—1
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Figure 2.1 Magnetic compression of REB .
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self—magnetic field (B9) of the beam . For the present experimen-
tal parameters on OWL II B 

~ 
B~ and as a result the total mag-

netic field vector BT = + B9-~ makes an angle 9b with respect
to normal to the anode. For the present discussion , the radial

component of the applied field is neglected . If the Larmor radius

of a beam electron is small compared to the anode cathode spacing ,

the electrons can be assumed to follow the total magnetic field

line and thus make the angle, 0}Y with the normal to the anode.
In the region beyond the anode (usually 1 torr nitrogen) the beam
is current neutralized by plasma return current (B0 —~ 0) and the

total field is normal to the anode. An electron passing through

the anode then makes an angle 0b with the applied magnetic field
(neglecting foil scattering for the moment) defined by

—l B0(r) —l Ib(r)Ob(r) = tan Bz 
tan 5rB

~
(r) (1)

where 1b is in kA and Bz in kG. Here , we assume the field tran-
sition at the anode occurs over a distance much less than a

Larmor radius. The beam electron angle is thus a function of the
radial location of the electron in the beam . This electron angle
then increases in the direc tion of beam propagation as the magnetic

field is increased because of adiabatic invariance:

. 2  . 2sin  0 ., s in  0 ,
_ _ _ _  

.1. ( 2 )B2 B1

where 
~2’ ~l’ 

B2, and B1 are the angle and field at arbitrary posi-
tions along the beam. Of course the maximum angle an electron can
have and still propagate is 90 degrees . Thus for a given ratio
of field between the lens position (maximum field) and diode
M = BZ max/BZ,diode F the maximum angle an electron can have

10 1



at the diode and still pass through the lens is 9~ = sin~~ (M~~’~
2),

the loss cone angle. For our beam and field parameters the angles

in the diode substantially exceed Thus many electrons will be

reflected at some position betw~en the diode and the magnetic

field lens. These electrons return to the diode where they are

reflected by the applied voltage and returned to the transport

region .

We now discuss this process of multiple reflections (shown

schematically in Figure 2.1 in more detail). In crossing the anode

on their return to the diode, the electrons see an abrupt change

in magnetic field direction and undergo an angular scattering .

From the scattering process, one obtains a probability that the

electron will re—enter the transport region with 0 < 0m and be
transmitted through the lens. The possible change in 0 for a

single pass can be assumed to be large, due to the large differ—

ence in direction of total magnetic field between diode and trans-

port regions; the probability is thus given by the loss—cone solid

angle. Any scattering process in a magnetic field leads to a

diffusion across the field lines. Here, the angular scattering

at the anode can result in a radial motion of the electrons (in—

wards or outwards) of up to a Larmor radius at each transit across

the anode. Beam transmission through the lens is then determined

by that fraction of the beam electrons scattered into 0 < 0m before

being lost radially out of the beam . This is given by

2

T [ — 

rc(l_co:Om )
l/21 

2 1/2where P0 is the Larmor radius at the diode LP0(cm) = l.7(Y —1) /
BT(kG)] and r~ 

is the cathode radius. Equation 3 can be compared

with the transmitted fraction one would achieve with adiabatic

compression only; i.e., no multiple reflections between magnetic

.1 
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field and diode and hence no angular scattering . Again assuming

an angular distribution at the diode given by equation (1),

adiabatic compression would result in

e 2 0 5  ~ 
2

T~~ 
m 

2 
S (4)

O
b

where is the foil scattering angle. This simplified expression

is valid for our present beam parameters and was obtained by

approximating the results given in Reference 7.

The analysis of Young and Spence actually defines a core

radius for which the beam transmission is given by equation 3.

One has to add a contribution from the adiabatic transmission of

electrons outside this radius . However, for intense beams B0-~ Bz
in the diode , the later contribution can be neglected . We will

-
~~ see that for our present beam parameters , equation 3 predicts sub—

stantially higher transmission than that for simple adiabatic corn—

pression given by equation 4.

The increase in beam fluence , namely the ratio of fluence

at the magnetic lens to that at the diode, is given by MT. Using

equation 3 it can be shown that for given diode and beam para-

meters (r , I ,~‘) and constant maximum magnetic field B , therec b max
is a maximum increase in fluence one can achieve by magnetic corn—

pression. By taking (MT)/ M = 0 we obtain the magnetic compres-

sion ratio corresponding to maximum fluence increase

M = (1)
2/3

where c~ = l.7(V2_l)/rcB~ ,max
. Comparison between experiment and

theory for both transmission and fluence as a functio of mirror

- 
- ratio is given in Section 4.3.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.2 BEAM ELECTRON ANGLE

Determination of electron beam angle is critical for many

material response applications. In this section we discuss

several aspects of electron angles in systems involving magnetic

compression of intense beams. (Some aspects of electron angle were

discussed in the previous section on models for beam transmission.)

It is assumed that an electron emitted from the cathode and

crossing the anode for the first time will have an angle as given

- 
by equation 1. Since the angle depends on self—magnetic field

and hence on current, it is a function of both radius and time .

However , for any given radius and time all electrons at the anode

have a single angle. This angle then increases as the electron

propagates through the converging magnetic field according to

equation 2. Equation 1 is in agreement with the trajectory analy-

sis of Forrester (Reference 8). The results of the REEFER computer

diode code for both circular and rectangular diodes are also in

over—estimates beam angle. For uniform current density the average

-

~ 

t 

approximate agreement with this model , but show equation 1 slightly

angle , averaged over the cross section of the beam , at the anode
- using equation 1 is then given by

<0> = (l+a2) [ir/2 — tan~~a] — a (6)

where a = Bz/BO (rc). For intense beams this average angle can be

quite large; with the OWL parameters of this program <0> 45 to

50 degrees. Current non—uniformities , radial components of both

the applied magnetic field and electric field in the diode , as

well as a finite thickness anode plasma , will all complicate this

t simplified model.

13
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However , even without these latter effects , models for elec-
tron angles are more complex in the presence of reflected electrons.
Now the electron angle is not only determined by the field in the

diode but by the scattering process as well because of the abrupt

change in magnetic fields encountered at the anode by returning

electrons. Rather than a single angle as used in equation 1, one

has a distribution of angles that can depend on radius and time .

Since the scattering is a stochastic process, the angular distri—

bution is best calculated or modeled using computer codes. This

was not done in the present program , but is a subject of a diag—

nostics program (Reference 9). Here we only consider some aspects

of how the distribution of angles evolves as the beam propagates

first through the increasing and then through the expanding mag—

netic field.

First we consider the region between the anode and the mag—

- netic lens. At the anode , only those electrons having angles less
t han  9 = sin (M~~~”~~) need to be considered. If we define P(0) as

the distribution of angles at the anode , the number of electrons

having angles between 9 and (3 + dO is P(9) 2ir sinOdO . If we de-

note 0’ as the corresponding angle at the magnetic lens , conser-
vation of particles requires

P ( 0 )  s inO dO = P(0’) sinO’ dO’ (7)

Since any given electron with angle 0 wi l l  evolve accord ing to
equation 2 in propagating to the lens, the angular distributions

• are related by

P ( O )  cos O ’P ( 0  ) — 
M / 1 2 ~l/2 

(8)

~ l—r -1 s in  0’)
where we have used equation 2 to evaluate d o/do’. Equation 8 is

the general transformation law relating angular distributions at

14
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t the diode and any position in the converging magnetic field.

Although the exact form of P(O) is not known, some aspects of the

distribution at the magnetic lens can be obtained from equation 8.

First we consider a uniform distribution of angles between 0 and

at the diode. Evaluating equation 8 one observes that the corres-

ponding angles for this case at the lens are not uniformly distri—

buted between 0 and 90 degrees, but have a maximum in the distri-

bution at an angle somewhat greater than 45 degrees. Because of

the stochastic scattering process at the anode, one would expect

that P(0) is either uniform or slightly peaked near 0m~ 
The re-

sulting distributions at the lens are similar having a maximum

somewhere between 45 and 75 degrees for the parameters of this

program .

-

~ 

Of equal importance , for material response applications , is

the region beyond the lens, where the beam is expanded. The

transformation given by equation 8 applies equally in this region.

Although P (O’) at the magnetic lens is not known at this time , we

can still obtain important characteristics of the angular distri—

bution for the expanded beam. If we assume for the moment P(8’)

is uniform between 0 and 90 degrees at the lens then it is easy

to compute an average angle for the distribution as the beam

expands:

sinO — 0 cosOm in m (9)1—cos

This is plotted in Figure 2.2 where M is now the ratio of magnetic

field at the lens to the value at the expanded position . We note

in this figure that the average angle rapidly decreases as the

beam expands , which illustrates an important point for material

response applications. The process of magnetic compression and

expansion of intense beams can be used to “cool” the beam;

i.e., reduce the electron angles. For example , if we take the

15
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Figure 2.2 Beam electron angle , averaged over the
angular distribution , as a function of
magnetic field expansion ratio.
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present experimental parameters for OWL (discussed in Sections

4 and 5), we find from equation 6 an average angle at the diode

• of —. 50 degrees, whereas with compression and then expansion by

M = 3 (i.e., the same fluence position beyond the lens as at the

diode ) from Figure 2.2, the maximum average angle is 24 degrees.

As discussed in the previous paragraph , P(~~’) may not be a uniform

distribution , but may exhibit a maximum between 45 and 90 degrees,
-- which will make the angles in Figure 2.2 slightly lower.

4 
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SECTION 3

APPARATUS

‘I’h e experimental apparatus used in this program including

the OhL II diode , beam transport chamber, magnet coils, and beam
diagnostics is shown in Figure 3.1. Several improvements in the

alode hardware,beam propagation chamber , and diagnostics were

made and tested . Earlier small area beam experiments (discussed

in detail in Section 4) were characterized by eratic diode
closure and insulator breakdowns. With the improvement in ex-

perimental apparatus these two problems , though not eliminated ,
became less severe (more work in these areas is still required).

In this section of the report the changes made resulting in in—

creased performance are discussed , along with recommendations

for additional improvements .

An insulator and diode study was conducted on OWL II during

September through November 1974 by P. Spence , G. Frazier , and
S other P1 personnel using internal funds. This study first in-

cluded a series of electrostatic field calculations to define

the field grading of the then existing insulator configuration

and to determine the effects of tube geometry changes (insulator

and electrode feed ) on the electric field distribution . With

several iterations a tube geometry was found which significantly

increased insulator breakdown reliability at high voltage for the

large area 400 cm2 diode (cathode area). The configuration resulted

in a lowering of at the cathode plate/insulator/vacuum junction

(cathode triplepoint) and a lowering of I E I (absolute magnitude)

throughout the vacuum region . However, reliability problems still

remained on the small area (40 to 80 cm 2) diode configuration for

O~.L II at high voltage.
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Figure 3.1 OWL II tube , diode , and transport apparatus.
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Just prior to the present small—area beam program some

additional stucies were made on methods of improving performance

of the OWL II diode with the 40— and 80—cm2 cathode. In initial

calculations it was observed that the small—area diode was nearly

a factor of two higher in vacuum inductance over the 400—cm2 hard-

ware. For experiments requiring 1.0 to 1.5—MV cathode potentials ,

the additional inductive voltage drop resulted in a tube voltage ,

and hence electric fields , that exceeded the insulator breakdown

strength . The vacuum inductance was reduced by including anode

“filler plates” (Figure 3.1) and by substantially shortening the

length of the coaxial cathode—anode section. From the electro-

static field plots it was determined that the filler plates could

be added without affecting the electric field at the crucial

cathode triple point , provided the anode cone angle was maintained .

The cathode—anode plate spacing at these filler plates was re-

duced by 2 inches and the resulting electric fields of greater

than 200 ky/cm required magnetic insulation to ensure transport

of energy down to the coaxial section. In addition to shortening

the cathode shank , the radial anode—cathode separation in the

coaxial section was reduced to 2.5 cm, which then also required

some magnetic insulation. Although the applied B
~ 

field can help

to cut off radial electron flow in this coaxial section, the axial

and radial components of this applied field are not well known

because of the various conducting plates and the variable separa-

tion between magnetic coils and diodes to be used in these experi-

ments. In general , the self—magnetic field on the cathode shank

is greater than 5 times the applied field and thus can be used to

determine electrode spacing. Shortening the cathode shank re—

quired removing the large lucite plates that originally provided

vacuum on both sides of the anode cone. The atmospheric pressure

on the anode cone and the higher forces from the magnet coils

produced additional stresses on the anode cone, which had to be

tested . A short series of experiments (1 week on OWL II) on an

IR&D program were conducted to test these diode changes. The

20
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initial results were encourgaging and led to the present program

in which successful operation with “filler plates ,” reduced elec-
trode spacings , shorter coaxial sections, and increased stresses

on the anode cone was verified.

There were several additional modifications made on the

OWL II machine in the present program. A surface flashover pre—

pulse switch was added to the cathode shank to reduce prepulse

affects on the diode impedance for the smaller anode—cathode

spacings required with the 80—cm 2 cathode . Improvements were

made in the beam transport chamber to provide more rapid turn-

around of the beam diagnostics . In addition , a single channel

Faraday cup , a filtered Faraday cup, and segmented calorimeters

were modified for the OWL II beam during initial tests conducted

in this program . These will be discussed in the following sections.

3.1 DIODE DESCRIPTION AND EXPERIMENTAL SETUP

The diode consisted of a 4.0—inch— (10.2 cm) diameter

stainless—steel cathode that was sandblasted after every shot.

~.he cathode face was either planar or spherically concave with

the depth from center to edge varying from 0.5 to 3.5 mm. To

reduce enhanced electric fields , the edge of the cathode face was

rounded , the radius of curvature varying from 1.6 to 6.4 mm.

The cathode shank was 10.2 cm in diameter, had a 0.10 cm stainless—

steel wall, was polished , and was 30 cm long . The anode cylinder

had an inside diameter of 15.2 cm. For the majority of experi-

ments the anode was 1/2—mil (12.7 microns) titanium stretched

across the anode cylinder. No measurable anode bowing occurred

with titanium for the pressure differentials of 1 torr used in

the experiments. Anode—cathode spacings were varied from 0.7 to

1.5 cm.* During the experiment aluminized mylar anodes (12.7 to

J *The anode—cathode spacing for the spherical cathodes refer to
distances from the anode to the cathode edge.
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25.4 microns thick ) were also tested.* Planarity of the anode and

cathode was measured under vacuum and set to plus or minus 0.25 mm

and concentricity of the coaxial anode—cathode section was also

checked and maintained throughout the experiments.

The thickness of the anode spacer ring located at the outer

diameter of the vacuum feed section was reduced from 5.1 cm , as

was used with the large—area diode , to 2.5 cm in order to further

reduce diode inductance . The total thickness of the two anode

filler plates was 5.1 cm, reducing the cathode to anode plate
spacing in this region to 5.3 cm.

The filler plate closest to the cathode plate contains six

monitors : four segmented Rogowski coils 90 degrees apart in
azimuth (to measure uniformity of the radial current feed and to

diagnose the location of any insulator flashes) and two B monitors

for inductive voltage correction . Tube voltage was measured by

a capacitive voltage monitor , diode current waveform by a self—
integrating Rogowski coil located in the anode cylinder radially

outward from the A—K , and the cathode potential or diode voltage

waveform by experimentally subtracting from VT the inductive
voltage drop . This inductive correction was determined on shorted

shots (cathode face shorted to a thick copper anode foil) using

the B monitors. The shorted shots were also used to calibrate the

segmented Rogowski coils to the diode current monitor. The result—

- 
ing corrected diode voltages were accurate to ± 50 kV at peak
voltage .

A surface flashover prepulse switch made of nylon was placed

in the cathode shank . The length of the flashover surface was

varied from 0.5 to 1.5 cm. The outer diameter of this surface

*During vacuum pump down of the system the anode—cathode spacing
collapses by 0.343 cm due to stress distortion of the radial feed
section and 0—ring compression. The quoted anode—cathode spac—
ings refer to vacuum conditions.

22

I 
_________________ 

____

-5-- - —.._--_ ‘__.5~~~~~~~~ 5~~~~•~
S•_

~~~ •S___ •_____ 
~
____ —

~~I 
- 

— —
~~~



- - ---- ~~~~ - - - ~~-~~~--~~~~~~~~~~~~~~~~ --5—~~
-.,-— 

was 10.0 cm and recessed 1 mm below the surface of the cathode
shank to provide approximate plane—plane surface breakdown. The

switch is located 14 cm from the base of the cathode shank . A

discussion of the prepulse switch including its design criteria

and pe r fo rmance  is presented in Section 4.1.

3.2 BEAM TRANSPORT CHAMBERS AND MAGNET COILS

The beam transport chamber first used in this program

consisted of a series of 15.2—cm inside—diameter stainless—steel

chambers of variable length. The total chamber length could be

varied in integral steps by adding or subtracting a number of

chamber sections. The beam diagnostics were mounted at the end

of the total chamber. A variable length system was needed in

order to locate diagnostics either at the maximum magnetic field

position , which varied with respect to the diode , or in the region

of magnetic field expansion. The majority of this hardware had

been built for previous programs .

After the first experiments were conducted , and an approxi-

mate location of the diagnostics was determined , this somewhat

cumbersome vacuum chamber system was replaced by a single .~inless—

- steel chamber with an inside diameter of 15.2 cm and a 76 cm length .
All diagnostics were modified to slide inside the new chamber ,

allowing for a continual change of location. Return current con-

tact between each diagnostic and vacuum chamber wall was provided

by beryllium—copper finger stock . The chamber was filled to a

pressure of 1 torr of nitrogen. Electrical signal connections for

all diagnostics were provided by vacuum feedthroughs at the far

end of the vacuum chamber. The Faraday cups also had an inde—

pendent vacuum system.
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Two solenoid magnets were used . These differed only slightly

in the magnitude and profile of the applied magnetic field. In

each case the fields were measured with the coils mounted on OWL

to account for any field distortion from conducting materials.

The coils were driven with a 10—ky , 4000—SF , 200 kJ capacitor bank

with peak fields varying from 25 to 35 kG with a risetime of 7.5 ms.

The solenoid consisted of two 100—turn coils connected in series

with a clearance bore of 20.3 cm diameter. A profile of the mag-

netic field corresponding to 8 kV applied voltage is shown in

Figure 3.2. The mid plane between the coils corresponds to the

location of peak magnetic fields. The magnitude of beam compres-
sion was varied by changing the distance from the diode to the

solenoid mid plane. Figure 3.2 shows the location of the diode

for a bea~n area compression of 3.3 to 1-.

24 

t

L 
—--—.- —----- -- - --  - — _ : — — — - -7 - .

~~
-

~~
-—-

~
--,

~~~~~~~~~~~
— —

~~~~~~~~~ —

— ____ _
~

_ _ _
~~~~~ 5.cI~___ _ ...th ~~~~~~ — ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



I_ I

Ci I Anode; conjugate (1:1) point
- Faraday

cup position Cathode5 cm downstream
10 — from focal plane 

—

I I I I I
0 5 10 15 20 25 30 35

Axial distance from solenoid mid-plane
-
~ (lens focal plane) , cm

t

.1
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SECTION 4

EXPERIMENTAL RESULTS ON
DIODE IMPEDANCE AND MAGNETIC COMPRESSION

4.1 PREPULSE EFFECTS

In previous experiments it has been noted that relatively

low prepulse fields can significantly affect diode performance .

Prepulse electric fields of between 10 and 20 ky/cm have been

correlated with early diode shorting, nonuniform cathode turnon ,

and a resulting nonuniform electron beam (References 10—13).

Several methods of reducing prepulse have been used in the design

of the generator itself. OWL has a prepulse slab containing an

array of eight self—breaking prepulse switches. For a tube voltage

in excess of 1.5 MV , the resulting prepulse on OWL II can be about

20 kV, lasting for approximately 1 ~s before the arrival of the

main pulse. With the 80 cm2 diode, the required A—K spacings of

— 1 cm results in prepulse electric fields in excess of the

• nominally allowed value of 10 ky/cm.

For the present program a surface flashover switch was

placed in a cathode stalk to capacitively divide the prepulse

voltage. The equivalent circuit for the vacuum region of the

diode is given by

1diode - + Cs~ 
V~E (

where C5w is the switch capacitance , CL is the load capacitance

or capacitance to ground of the cathode from the switch to the A—K

region and Vdjode is the prepulse appearing at the diode for a
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given prepulse voltage ~~~ at the tube insulator. From this

relationship we see it is important to minimize switch capacitance

and maximize CL by placing the switch as close as possible to the

base of the cathode. However, screening of the diode insulator

from the ultraviolet radiation occurring during surface breakdown

of the switch is essential and determines the switch location.

The location and d imensions of the prepulse switch are given in

Section 3.2. No direct line of sight existed between the switch

and any parts of the tube insulator.

The prepulse switch used in these experiments gave a 4 to 1

reduction in prepulse voltage at the diode. Approximate diode

prepulse voltages with the switch installed were measured with a

resistive voltage divider across the switch , inside the cathode

stalk ; the signals were read through the transit—time isolator .

A complete correlation between diode behavior and beam

uniformity with prepulse effects was outside the scope of the

program. An observation regarding beam uniformity is given in

* Section 5.1.

It was determined early that overall diode impedance life—
S 

time was increased and the frequency of early shorts reduced with
I i

the use of the prepulse switch. It was therefore installed for

the remainder of the program , and additional methods were in-

vestigated to further improve diode performance. One cm was

selected for the length of the flashover surface. It was also

found that the prepulse switch had to be replaced after one or two

shots. Surface tracking and degradation resulted in erratic diode

behavior on subsequent shots with the same switch . Thus although

providing increased diode performance this switch has one drawback

in that a sufficient number have to be fabricated for replacement

after each shot. )
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A second design in which an inside surface flashover switch

was mounted at the cathode base was also tested. However, screen-

ing of the tube insulator with this second design was inadequate

resulting in frequent tube insulator breakdowns during the main

pulse. Recently , a prepulse switch , wh ich also incorporates a
hidden inside flashove r surface, has been designed and success—
fully tested in separate programs on the PITHON generator at P1.

Although this switch has to be cleaned after each shot, it can
-~ be operated for many successive shots (10 to 20), and a similar

design could be incorporated into the small—area diode hardware.

4.2 DIODE IMPEDANCE LIFETIME

Impedance collapse has been one of the limiting factors in

achieving reliable diode performance at high beam fluence. In

the past, however , the relationship between closure velocity and

beam parameters has not been well understood . This situation has

been caused by several factors: short duration pulses (about 50 ns),

the limits of the diagnostics , and the lack of computer data re-

duction . As a result, the experimenter has been able , at best,

to design diode geometries with sufficient marg ins to avoid

catastrophic shorts, a task which became more difficult for beams

with larger energy density and longer pulse lengths. The shots on

OWL II analyzed in this section were taken using the small—area

beam hardware in IR&D experiments just prior to the present con—

H tract. However, the results have been verified in each sub—

sequent pulsing session during this program and are the main

reason for selecting the 80—cm 2 cathode to develop the small—area

beam on OWL II for material response applications.

As a model for relating the time—dependent current and

voltage in the diode, we use the planar, nonrelativistic Child—

Langmuir relationship with variable spacing and scaling constant:

28
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I = 2.335 K A V~
’2 

(2)
d(t)

where A is in cm2, d in cm, V in MV and I in kA. The parameter K
is an enhancement factor for electron current which can include
several effects such as increased emission at the cathode edge ,
finite aspect ratios, positive ion flow , etc. The major electron
(current increase in the present data comes from bipolar flow——
the presence of positive ions counterstreaming with the electrons——
which , if occurring over the entire beam area, yields a theoretical
value of K = 1.86. In addition we consider the dose deposited in
the anode:

D (J/gm) = f
T

J ( t )  V(t) ~(t) dt (3)

where n (t) is a coupling coefficient (cm2/gm). We now use an
approximate model for ‘?. It is found that peak front surface dose
is closely proportional to V 3”2 over the range 0.2 to 1.5 MV.
For beam electron angles from 0 to 30 degrees , ‘1 ~ 3.0/V

3”2 where
V is in MV. Correcting for large angles and reflections in the
diode, we use ‘1 = 4.5/V3”2 in this analysis. This value of fl is
then inserted into Equation (3), and dose versus time is calcu—
lated using measured voltage and current waveforms . This rela—
tionship for the coupling coefficient is of course very simplified ,

• but it provides for a consistent , uniform treatment of different

• “shots” relative to each other and gives approximate absolute
magnitudes for dose.

In Figure 4.1 we have voltage and current versus time for
three shots from computer—generated plots of digitized data. From

‘• top to bottom , the traces represent an increase in beam energy
density and , hence , anode dose. As the energy density increases ,
the relative pulse width shortens , but does not influence some
parameters such as peak power; it does, however , affect the inte-
grated beam energy (fV[tJ I[tJ dt). Little of the physical
processes occurring in the diode , which are determined in the
analysis of the follow ing paragraphs , are easily discernible from I
these traces or from impedance plots.

I
I
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Consider next , Figure 4.2, in which we plot diode current
versus the measured inductively corrected voltage for shot 2883.
In this shot the 80—cm2 diode, an initial A—K spacing of 9.3 mm ,
and a 0.5—mil titanium anode were used. Some other parameters
are total beam energy = 50 kJ , <V> = 0.8 MV , and <Z> ~ 2 ohms.
Overlayed as dotted lines are Child—Langmuir curves for an A—K
(d0) of 10.0 mm , 9.0 mm , and 9.0 mm with an enhancement K = 1.57,
all with no closure. The annotation marks on the I—V curve
indicate 5—ns time increments. Calculated anode dose levels at
various points are also labeled . We observe that it takes about
175 kV (200 ky/cm) to begin to “light” the cathode as shown by the
applied voltage at current onset. The cathodes were planar with
a sandblasted stainless steel front surface. The current onset is
followed by approximately 10 ns to reach space—charge flow , at
which time the diode follows very closely Child—Langmuir behavior
corresponding to emission from the entire cathode. The closure
velocity in this space—charge phase is very low (< 1.4 cm/ps). At
an anode dose of 300 J/g, we observe an increase in current for
constant voltage lasting for 25 ns , corresponding to a transition
to bipolar flow. The anode plasma formed at this time becomes a
source of ions that allows an increase in the electron current. The

- actual electron current increase in this shot was 1.57. There is
then a short period of bipolar space—charge flow followed by rapid
A—K closure. The positions marked with letters indicate time

• 
- intervals over which the gap closure velocities given at the top

of the figure were averaged.

Figure 4.3 shows another I—V plot for the same diode (shot
2884, initial A—K , 8.0 mm , E = 45 kJ , <V> = 0.75 MV , and

~ 2 ohms). This shot exhibits very similar early—time be-
havior. The dotted lines correspond to Child—Langmuir with
d0 = 9.0 mm , d0 = 8.0 mm ,and d0 = 8.0 mm with K = 1.86. Assuming
the initial closure velocity of 1.5 cm/ps remains constant during
the bipolar transition, the actual current increase due to ions
is 1.63. The most important fact is that the higher dose rates
for this shot cause larger closure velocities after the bipolar
transition which , together with the smaller A—K , result in a
shorter pulse.
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Figure 4.2 Diode current versus cathode voltages
(shot. 2383).
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Figure 4.3 Diode current versus cathode voltages
( shot 2 3 84)
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As a comparison we show in Figure 4.4 an I—V plot for the

40—cm2 diode = 6.0 mm , E = 35 kJ, <V> = 0.85 MV, <Z> 3 ohms).

We note the large closure velocities after the bipolar transition ,

achiev ing values as high as 10 cm/ps.

The results of Figures 4.2 through 4.4 and equivalent plots

for many other shots analyzed can be summarized as follows:

• Before anode plasma formation , the A—K closure velocity
is 1 to 2 cm/ps. The average is 1.4/ps with a standard
deviation of 0.5 cm/ps.

• Anode plasma formation results in a rise in diode current
for constant voltage indicative of the presence of ions
and bipolar flow . For titanium the required anode dose
to start a transition to bipolar flow is 300 J/g. For
carbon anodes the required dose may be higher , 400 to
600 J/g. (This assumes uniform current density and hence
are an average over the area of the beam.)

• The electron beam current increases during the bipolar
transition by a factor of 1.5 ~ 0.2.

•The A—K closure velocity increases substantially after
the bipolar transition . In each pulse, the closure
velocity increases in time after this transition. Al-
though the start of the transition corresponds to a
particular dose in the anode, beams with larger energy
density result in higher closure velocities after the

• transition.

The major conclusion of these experiments (Reference 14) is

that very large closure velocities are observed at high beam energy

densities , and the onset of these increased closure velocities can

be correlated with the onset of ion currents from an anode plasma.

This rapid impedance collapse is as yet not well understood . More

recent experiments on OWL (Reference 8) have indicated that the

shorting mechanism may be a localized phenomenon occurring over

H areas of a few millimeters in diameter at various locations in the

beam , indicative of local instabilities . In other studies , tRefer—

ence 15) models have concentrated on shorting mechanisms related to
the background gas in the diode . The vacuum in the OWL experiments
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is typica l ly  several t ime s l0~~ torr. The ions from the anode

plasma can be a very effective means of ionizing this background

gas. The degree of ionization can approach that of “plasma filled

diodes ,” which are known to exhibit short circuit impedance phases.

It should be noted that the dose levels observed for bipolar

transition are less than melt or vaporization values; thus the

anode plasma corresponds to absorbed gases, wa ter vapor , and
absorbed hydrocarbons. For this reason some improvements might be

obtained by heating the anode foils to remove absorbed gas. Both

heated anodes and improved vacuum conditions could be included in -;

future experiments using the small—area beam hardware on OWL II.

4.3 MAGNETIC COMPRESSION

The correlation between rapid closuce velocity and beam

energy density discussed in the previous section led to selecting

the 80—cm 2 cathode for this program . However, even with the

increased diode energy achievable with this cathode , the beam

fluence of 150 cal/cm2 at the anode is inadequate to provide the

required dose of greater than 1500 cal/g. Thus , magnetic beam

compression is required.

The first objective was to determine the fluence increase

as a f u n c t i o n  of compression ra t io  M. There are essent ia l ly  two
ways to vary M. The first is to fix the applied magnetic field

in the diode and vary Bmax • This requires a solenoid containing

several  coils in w h i c h  the a x i a l  cu r ren t  dens i ty  can be var ied
using different parallel/series combinations of individual coils.

The second method , which was the one used in this program, varies

L M by moving a set of magnetic coils relative to the diode with
1 f i x e d  applied voltage to the coils. In th i s  lat ter  method the

rat io  of applied to se l f—magne t i c  f i e ld  in the diode varies and
of course must  be included in the models when comparing exper iment
and theory . Vary ing  the ra t io  Bg /B~ also l i m i t s  the maximum M
tha t  ca~ be used for a fixed Bmax because of beam pinching in the

diode.

- 
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In Figure 4.5 we plot current transmission through the lens

versus compression ratio M. The single channel Faraday cup was

used to measure current transmission and was located 5 cm beyond

the solenoid mid—plane . The voltage applied to the coils was

8 kV , corresponding to 29—kG maximum magnetic field. Also

plotted in Figure 4.5 are the predictions -from adiabatic theory and

the model of Young , both using corresponding parameters for OWL

on each shot. These models were discussed in Section 2.1. We

observe the complete failure of adiabatic theory to predict beam

transmission for intense beams . Young ’s model is closer to the

experimental results predicting the shape of the falloff of

transmission with M but slightly underestimating the magnitude of

the transmission. There are several possibilities to account for

the small remaining discrepancy between theory and experiment.

Young ’s model assumes that when an electron diffuses outward and

reaches the cathode edge , it is immediately lost, whereas the

electric fields in this region of the diode can still return elec-

trons to the transport region. The model also assumes an abrupt

change in magnetic field at the anode , whereas anode—plasma ef—

fects may make this reg ion more continuous. This means lower

injected electron angles. This latter effect can only be deter—

mined by measuring electron angles at the diode , a measurement
H scheduled for followon programs .

In Figure 4.6 we plot the current density increase , MT,

versus compression ratio. Again we observe the substantial im—

provement in predicting experimental results using Young ’s model

versus adiabatic theory . The position of maximum fluence in-

crease versus M is predicted correctly. One additional observa—

tion in this series of shots led substantial support to Young ’s

model. For shots at M = 4 and 5 t h e r e  was cons ide rab le  damage to
the inside of the anode cylinder radially outward from the A—K

reg ion indicating significant energy flow in this direction. As

stated in Section 2.1 , Young ’s model balances the radial loss of
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electrons with scattering into angles which can pass through

the lens. For the remainder of this program a compression ratio

of 3 to 3.3 was used since the resulting fluence at the lens was

adequate to achieve required dose and area. The current trans—

mission at peak current (also peak power) averaged over ten shots

was 0.85 ± 0.05. On subsequent pulsing sessions the single channel

Faraday cup was recalibrated by shorting the collector to the

cathode on OWL and cross calibrating with the diode Rogowski coil.

The current transmission on three successive shots (3995 through

3997) was 0.93, 0.83, and 0.86, giving an average of 0.87. The

actual current transmission is a function of the type of shot;

for example, the degree of diode shorting which occurs late in the

pulse. Further measurements of beam current transmission includ—

ing contributions of ion current in the diode and diode shorting

effects is given in Reference 9, a program which immediately

followed the present contract.

Energy transmission can be measured by integrating the diode

and Faraday cup waveforms . However , this is very sensitive to the

late—time behavior of these waveforms , which are not as accurate

and often would require a truncation of the output signals.

Energy transport was measured in this program using a segmented

-• calorimeter (1 inch 2 blocks) located in the expanded region of the

beam (expansion ratio 6.5, beam diameter -
~~ 15.2 cm). For the

four shots in which total fluence was measured, latetime insulator

flashing reduced the total beam energy to 25 to 35 kJ. On each

shot the total fluence from summing calorimeter blocks was compared

with the integrated diode energy fVdlddt. The average energy

transport (calorimeter energy/integrated diode energy ) was 0.82

* with a standard deviation of 0.03.
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SECTION 5

MEA SUREMENTS OF BEAM UNIFORMITY AND ELECT RON ANGLE

5.1 BEAM UNIFORMITY

Beam area, fluence , and uniformity were measured using an

X—ray pinhole camera and segmented calorimeters. One of the first

objectives was to verify that the beam area varied as the ratio of

applied magnetic fields. Some earlier experiments (Reference 5)

indicated that magnetic compression of intense beams resulted in

a “halo” effect (i.e., fractions of the beam outside an area given

by the cathode area divided by the compression ratio). Because of

the fluence levels involved an X—ray pinhole photograph of a tanta—

lum converter was the only method that could be used for obtaining

spatial data at the position of maximum magnetic field. The camera

used in the program was free of “shine through” , even for greater

than 50 kJ of 1.5—MV—peak bremsstrahlung radiation . The camera is

used with either a 10 or 20 mil aperture. Figure 5.1 shows pinhole

photographs taken during the first pulsing session for compression

ratios of 3 and 4. In the lower two photographs a lead plate with

“notches” 3.0 cm apart was placed in the converter plane for spa-

tial calibration . We first observed that the beam area compresses

very accurately according to the ratio of magnetic fields. The

film pack used was comprised of a series of X—ray films and fluo—

— 
rescence enhancers yielding a wide dynamic range of sensitivities

for each shot. The edge of the beam was relatively sharp with no

observable radiation outside an area that corresponded to the

cathode area divided by the compression ratio. For the higher
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Pul se  3432  ~~
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M = 3  1- 

Pu l se  3433
M = 4

•1i

Pul se  3434 -
M = 3

I

F i g u r e  5 .1  X— Ray n in h o 1~~ pho tographs  of the beam at  the
m a g n e t i c  l ens  fo r  c o m p r e s s i on  r a t i o s  of 3 and  4 .
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compression ratio , M = 4 and 5, the outer edge of the beam appeared
irregular, indicating surface “flute ” instabilities. This irregu—

l a r i t y  was observed both in the photograph and on the graph i te
collectors for the single channel fa raday  cup and was also another
reason for selecting M = 3 for  the remainder of the program .
Fi gure 5.2 shows two addi t iona l  pinhole photographs taken dur ing  —

the last pulsing session . It  was observed both w i th  the pinhole
camera and segmented calorimeter that on shots in which the pre—
pulse switch did not hold (thus resulting in e i ther ea r ly shorts
or insulator flashes from the UV occurring during the prepulse

phase) that the beam was often irregular and very nonuniform . A

sample is shown in Figure 5.2a.

As shown in F igure  5. 2b there is a s l i gh t  max imum or “hot  spot”
in the center of the beam . This is typical of cathodes in B

~
applied fields . The lower self—magnetic fields on the axis of

these diodes are thought to result in shorter total trajectory

length for the electrons, lower space charge, and hence increased

current density . To minimize this “hot spot” several spherically
dished cathodes were tested with qualitative performance observed

using the X—ray pinhole photographs. Subsequent shots using

segmented calorimeters as a diagnostic and concave cathodes with

up to 3.5 mm depth from edge to cathode center indicated optimum

performance with 0.75 mm to 1.5 mm depths. Both 2.5 mm and 3.5 mm

“dished” cathodes indicated sharp annuli at the outer edge.

By using the wide dynamic range film pack it is possible to

obtain film exposures that are in the useful range on the D—logE

curve and , hence , that can provide quantitative data on X—ray

spatial information. However , this process together with the

computer  codes r equ i red  to de te rmine  e lectron to b rem ss t rah lung

conversion are cumbersome and were not used in this program to
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I

F i g u r e  5 . 2  X-Ray  p inho le  p h o t o g r a p h s  of the beam;
(a) earl y short duc to prepulse switch
breakdow n , (b )  concave cathode w i t h  1.5 mm
dep th  f r o m  cente r to edge . -
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determine beam fluence uniformity . The pinhole photographs were

used , however, to provide qualitative beam cross—section data and
large—scale spatial uniformity .

Spatial uniformity of beam fluence was measured using seg-

mented calorimetry . In the first pulsing session , an array of

2.5—cm—square graphite blocks were used to measure total beam

fluence and indicate fluence uniformity . These were placed in —

the expanded region of the magnetic field and energy transport

efficiencies were measured . These measurements were presented in

Section 4.3. In subsequent pulsing sessions, an array of 0.5—cm

and 1.0—cm—square graphite blocks 1.2—cm stick were used .
Figure 5.3 shows the calorimeter configuration along with th’~
grouping made to determine average fluence versus radius . A

total of one hundred data channels were used. Because of dose

limitations this calorimeter was also located in the region of

an expanded beam . Figures 5.4 to 5.5 show the calorimeter

readings for two shots 4016 and 4023 taken during the third puls-

ing session. In both shots the calorimeter was located at a

position for which the beam area was 1.2 times the cathode area.

The blank squares indicate faulty data channels. At this posi—

tion the small calorimeter blocks correspond to a 2.6 mm square

region at the maximum magnetic field location . We are thus look—

ing for very small scale non—uniformities. The total calori—

meter is measuring the central 35 percent of the beam area. Fig—

ures 5.6 and 5.7 plot average beam fluence (averaged over all

blocks in a given group) versus radius for the same two shots.

From this calor imeter data we note that the “hot spot” which occurs

on the pinhole photograph corresponds to less than 10 percent

increase in fluence .
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108.9 97.6 82.2 118.0 119.0

101.6 102.1 95.4 84.1 106.1 105.0

109.6 11 6.3 123.5 120.3 113.7 113.8

72.6 68.9 — — 118.0
104.3 107 . 1 114.5 105.6 108 .6 93.8 1013.3

102.7 107.3 107 .9 107 .2 100 .0 92.9

83.0 92.5 99.3 99.4 110.0 106.7 115.0 100.2

__________ __________ 98.2 100.2 99.8 103.2 106.0 111.2 
_________ _________

87.3 98.2 98.8 97.6 100.1 105.7 104.9
74.9 89.0 100.3 88.2

91 .0 91 .2 97. 1 99.7 102.5 97.2 102.9

77.2 76.5 83.2 90.6 92.3 104.2

73.4 82.0 88.3 85.0 93.9 106.9 93.9

Figure 5.4 Segmented calorimeter readings in cal/cm2 for
shot flo. 4016.
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72.2 66.0 82.2 78.3

72.0 67.3 61.8 69.7 73.4 80.0

74.7 87.6 86.2 83.3 79.1 88.7

52.7 69.5 77 3
81 .4 91.6 88. 1 87.5 83 .7 92.8

71.3 74 .3 81 .9 84 .1 89.6

76.8 79.1 81.7 75.0 75.5 78.1 70.4 69.9 76.5 73.3

__________ __________ 77 .6 77.2 89.1 62.4 74.8 83.2 __________ __________

65.7 70.7 76.2 79.8 74.5 81.5 81.570.6 74.1 73.4
64.7 70.0 71 .5 74 .1 78. 1 77.5

70.2 71.4 70.1 64.9 77.5

85.4 74.9 66.9 66.6 73.4 62.0 81.8

Figure 5.5 Segmented calorimeter readings in cal/cm2 for
shot No. 4023.
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Figure 5.7 Beam fluence averaged over all block s in a
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group (shot ~4023)
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We can also compare measured fluence at the calorimeter with

a value one would calculate for this location using integrated diode

energy. Table 5.1 gives the results for four shots. The calcu-

lated values assume a uniform beam , 81.2 cm2 cathode , 0.82 for

energy transport, and use 0.83 to correct for beam expansion to

the calorime ter location . This table indicates the accuracy to

which one can predict fluence at a sample location , at least in

the expanded beam region, using diode energy .

5.2 DEPOSITION PROFILES AND BEAM ELECTRON ANGLES

In Section 2.3 we discussed several aspects of the angular

distribution for magnetically compressed and expanded electron

beams. Although this is a complex subject , there has been sig—

nificant progress both in our understanding of, and oui ability

to measure , electron angles for intense beams. The primary objec-

tive of this present program was to develop the capability to

achieve specified high dose levels. However, several diagnostics

were modified and tested in this environment. Already discussed

were the single channel Faraday cup, X—ray pinhole camera , and

segmented calorimeters. In addition measurements were made with

a depth—dose foil calorimeter stack and initial measurements

with the time—dependent filtered Faraday cup.

Figure 5.8 shows a measured deposition profile using the

foil calorimeter for shot 3457 (EB = 55 kJ , <V> = .93 MV) The

depth—dose calorimeter consisted of ten 20 mil graphite foils.

The beam was expanded by — 5 at the foil stack location , area
135 cm2. Using the diode voltage and current waveforms a l-D

Monte Carlo code was used to predict deposition profile. Assuming

a single beam angle the resulting calculator profiles for 10° and

20° were also shown in Figure 5.8. The measurements are in agree—

ment with the angle of 15 degrees one calculates at this
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Figure 5.8 Deposition profile from stacked foi l calorimeter
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location using Figure 2.2 from Section 2.3. For diode energies

of 50 kJ or more this is approximately the maximum fluence loca-

tion in which the foil calorimeter can be utilized.

In a previous program , a filtered Faraday cup was developed

and tested on the CAMEL generator at P1. This filtered Faraday

cup was slightly modified in the present program to include a
collector backing plate, increased interchannel insulation , and

graphite protector rings . Figure 5.9 shows a measured charge
deposition profile for the filtered Faraday cup located just

5 cm in back of the position of maximum magnetic field (shot 3459 ,

= 51 kJ , <V> = 1.1 MV). Also shown are charge deposition

profiles computed using diode voltage and current waveforms again

assuming a single beam angle. The measurements are in good agree-
ment with predicted mean angles at the lens if one assumes a
uniform isotropic angular distribution from 0 to 90°.

The most important result is that the filtered Faraday cup

can be used reliably at the high dose levels in the position of

maximum magnetic field. The time—integrated charged deposition

profile is the simplest form of data to be extracted from this

diagnostics . Immediately following the last pulsing session of

this program the filtered Faraday cup was tested and subsequently
• analyzed in more detail for time—dependent angular distribu—

tions (Reference 9).

One can obtain an initial estimate of dose versus area for

the small area beam system. Assuming H = 3, E8 = 50 kJ , and an

energy transport efficiency of 0.82 from measurements , we take
a deposition profile in carbon from Monte Carlo runs for a typical

shot with mean voltage of 1 MV , and use the average angle versus
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Figure 5.9 Charge deposition profile for shot #3459 using
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maximum field.
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expansion ratio calculated in Figure 2.2. The results  are given
in Figure 5.10. A more detailed determination of dose versus
ar ea requ ires measuremen t of electron an gle versus posi tion in -

the expanded beam and will be made in a follow—on program .

In Table 5.2 we give a reduced shot summary for the third 
- ,

pulsing session of the program .
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Figure 5.10 Fluence and peak dose versus area
I. in the expanded beam (assuming 60 kJ

in the diode).
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TABLE 5. 2

Pulse
Diode Peak Peak A—K Mean Width Ins )

Pulse Type of Energy Current Voltage Gap Voltage FWHM
No. Pulse ( k J )  (MA ) (MV ) (mm ) (key) Powe r Comment

3996 Shorted —— —— —— 0 —— -— All mirror ratios are 3:1
shot

3987— Shorted
3993 shot —— —— —— 0 —— ——
3994 Faraday —— —— —— 11.0 —— —— Bad scope trigger , didn ’t get

cup signal

399 5 Faraday 76 0.44 1.63 11.0  —1000 — 2 0 0
cup

3996 Faraday 55 0.33 1.33 11.0 — 800 — 140 Second shot on pp switch
cup

3997 Faraday 60 0.42 1.30 11.0 -.900 — 140 New prepulse switch installed
cup for this shot

3998 Faraday Tracee not digitized Tube flash
cup Second shot on prepu lse switch

3999 Faraday Traces not digitized Tube flash
cup Pr epulse switch at base of cathode

4000 Faraday Traces not digitized Tube flash
cup Prepuls. switch at base of cathode

4001 Faraday 73 0.38 1.65 11 .0  — 970 —150  Return to pp Switch in cathode stalk
cup

4002 Pinhole 36 0.45 1.70 11.0 —— — 95 Tube flash
camera Pra pulss switch at base of cathode

4003 Calorimeter 27 —— —— 11.0 —— —— Tubs flash
shot Prap ulse switch at base of cathode

4004 Calorimeter —— —— —— 11.0 —— —— Tube flash
shot Prepulse switch at base of cathode

4005 Calorimeter 43 0.50 1.30 11.0 —850 —— Return to pp switch in cathode sta lk
shot for this and all rmmsining shots

4006 Pinhole 51 0.41 1.52 12.0 —1050 —— Flat cathode 10 mil hole camera
camera 34.5 inches fr cm anode
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TABLE 5.2 ( con t . )

j Pulse
Diode Peak Peak A-K Mean Width (ne)

Pulse Type of Energy Current Voltage Gap Voltage FWHM
No. Pulse (kJ) (MA ) (MV ) (me) (key) Power Comment

4007 Depth Dose 52.2 0.28 1.40 11 .0  — 950 195 First 4 to 5 foils spelled.
shot Back to 1.5 mm dished cathode

4008 Filtered 47.4 0.27 1.45 1 1 . 0  — 850 150
Faraday cup

4009 Filtered 49.4 0.27 1.30 11.0 —900 160 0.75 mm dished cathode
Faraday cup

40~10 Depth Dose — — 0.28 1.65 11.0 —— 160 Flash
shot

4011 Pinhole 53.5 0.32 1.25 11.0 —900 195 0.5 mm dished cathode
camera

4012 Calorimeter 57.0 0.29 1.60 11.0 — 1150 160
shot

4013 Pinhole 60.3 0.36 1.35 11.0 —.950 150 0.75 mm dished cathode
camera

4014 Pinhole —— 0.29 1.82 11.0 —— —— Flash —

camera Scattering foil — Kapton

4015 Filtered 24.0 0.25 1.50 11.0 —1200 115 Flash
Faraday cup

- 4016 Calorimeter 58.2 0.31 1.40 10.0 —1050 195
shot

4017 Calorimeter —— 0.21 1.85 10.0 —— —— Flash , 1.5 mm dished cathode
shot

4018 Filtered 63.5 0.42 1.35 10.0 —900 160 0.75 mm dished cathode
Faraday cup

4019 Filtered 44.0 0.32 1.40 10.0 -..1150 155
Faraday cup

4020 Filtered 53.2 0.30 1.40 10.0 —1200 190
Faraday cup

4021 Filtered 48.0 0.32 1.46 10.0 —.1200 150
Faraday cup

4022 Filtered 55.2 0.45 1.35 10.0 —930 155 0.75 mm dished cathode
Faraday cup

4023 Calorimeter 44.9 0.28 1.51 10.0  — 1200 160
shot

4024 Calorimeter 46.0 0.39 1.65 10.0 —1300 155 1.5 mm dished cathode
shot

(.
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